In two experiments, a central composite response surface design was used to investigate the interactions between herbicide rate (glyphosate in Experiment 1 and metsulfuron in Experiment 2), surfactant rate, and spray application volume on tomato dry weight production. In both experiments, dry weight production was affected by herbicide, and surfactant rate but not spray application volume. Equations derived to predict the response of tomato dry weight production to rates of either, glyphosate or metsulfuron, and surfactant explained 89% and 75% of the observed variability respectively. The results suggest that spray application volumes may be decreased without reducing herbicidal efficacy, provided the rates of herbicide and surfactant are maintained constant.
INTRODUCTION
Woody weeds, which severely reduce tree growth if allowed to develop unchecked, have proved difficult to control with herbicides. Balneaves et al. (1993) showed that although high rates of glyphosate failed to control gorse, adding an organosilicone surfactant to the spray mix dramatically increased efficacy. There was a highly significant interaction between surfactant rate and herbicide dosage; efficacy could be maintained at lower herbicide rates by increasing surfactant rate. Organosilicone surfactants have major effects on the uptake of agrochemicals by plant foliage (Stevens et al. 1991) and this topic has been extensively investigated and reviewed (Stevens 1993; Knoche 1994) . Ray et al. (1986) showed that aerial spray volumes could be reduced without reducing the efficacy of bracken control provided per hectare rates of herbicide and surfactant were held constant. Using lower aerial spray volumes is desirable because it increases aircraft productivity (Ray et al. 1991) , reduces costs and makes better use of weather suitable for aerial application.
The present trial was undertaken to investigate the interaction of carrier volume and surfactant rate on the herbicide efficacy using tomatoes as an indicator plant.
MATERIALS AND METHODS
Tomato plants (Lycopersicum esculentum cv. Russian Red) were raised from seed, in a glasshouse, using individual 600 ml square pots containing a standard potting mix. Two trials were undertaken, one using glyphosate (Roundup G II , 360 g/ litre), and the other metsulfuron (Escort 600g/kg). Three experimental factors were examined: total spray volume (litres/ha), herbicide rate (kg/ha), and organosilicone surfactant (Pulse) rate (litres/ha). The range of levels for each factor were selected according to a centralised composite response surface design (Cochran and Cox 1968) giving a total of 15 treatments (Table 1) . Treatments were replicated 10 times, except for treatment 6, which, as is usual with a centralised composite design, was replicated 60 times to ensure that the precision of prediction was the same at the centre as for the other experimental points. The same application volumes and surfactant rates were used for both herbicides. The mid point for the range of herbicide rates approximates to the ED 50 at the recommended surfactant rate.
Plants were sprayed with freshly prepared solutions using a Forest Research built track sprayer fitted with single nozzle (TeeJet 8001E, Spraying Systems Ltd), located 500 mm above the average plant height. Changes to the application volume were achieved by changing belt speed.
Sprayed plants were returned to the glasshouse immediately after treatment. Above ground dry weight was determined for each plant, 21 or 13 days after spraying with glyphosate or metsulfuron respectively.
Data analysis was undertaken using SAS software (SAS Institute Inc. 1988). Multiple linear regression was used to investigate relationships between the three experimental variables and tomato dry weight. A logarithmic transformation of tomato dry weight was required to linearise the data. All interactions between independent variables and quadratic terms were included in the initial model, and a backwards selection procedure was used to determine significant variables for the final model. Following selection and fitting of the models, residuals were plotted and examined.
RESULTS AND DISCUSSION
The results are given in Table 1 . The data point with zero herbicide applied was omitted from the analysis as the residual values for this treatment was clearly biased for both herbicides. The resulting models were highly significant, P = 0.0001 and P = 0.0005 for the glyphosate and metsulfuron experiments respectively. No significant interaction was detected between application volume (litres/hectare) and surfactant volume (litres/hectare). The best fitting model for the glyphosate experiment included terms for glyphosate rate (P = 0.0001), surfactant rate (P = 0.0002), and glyphosate rate squared (P = 0.03):
Ln(tomato dry weight) = 2.04 -(6.47 x glyphosate rate) -(0.63 x surfactant rate) + (9.88 x glyphosate rate 2 )
The best fitting model for the metsulfuron experiment included terms for metsulfuron rate (P = 0.0004) and surfactant rate (P = 0.02):
Ln(tomato dry weight) = 0.74 -(1.02 x metsulfuron rate) -(0.3 x surfactant rate) Figs. 1 and 2 show the predicted response surfaces for this relationship. No other interactions or quadratic terms were significant for either model. The models had R 2 s of 89% and 75% with respect to the glyphosate and metsulfuron experiments. At rates used in either experiment, surfactant in the absence of herbicide, did not affect tomato dry weight production .
The results clearly show that above-ground tomato dry weight production, following treatment with sub-lethal rates of either glyphosate or metsulfuron, is sensitive to the per hectare rate of herbicide, and per hectare rate of surfactant but not to the per hectare application volume (over the range 50-200 litre/ha). Gaskin et al. (1996) showed that height growth of tomatoes, treated with a constant but sub-lethal rate of glyphosate, could be predicted (P<0.0002, R 2 = 75%) by a linear model using total organosilicone dose (rate/ha) over a wider range of application volumes (50-400 litre/ha). Decreasing the percent concentration of organosilicone surfactant can decrease herbicide uptake (Stevens and Zabkiewicz 1990) and efficacy (Balneaves et al. 1993) . Thus if the volume of added surfactant is expressed in terms of percentage (v/v%) rather than at a fixed rate per hectare, it can be envisaged that, as spray volume is decreased, a point may be reached when quantity of organosilicone is insufficient to enhance uptake. The effect could be exacerbated by either surfactant antagonism due to the agrochemicals formulants (Knoche and Bukovac 1993) or to leaf surface absorption (Buick et al. 1993) . The current trial and previous studies (Gaskin et al. 1996; Ray et al. 1986; Vanner and Ray 1988) support to the hypothesis that, for foliage absorbed herbicides, efficacy is highly dependent on surfactant rate per hectare in both laboratory and field conditions. In the aerial spray trials, provided the rate/ha of surfactant was maintained at that recommended for a standard 200 litres/ha application, reducing the application volume to 50 -20 litres/ha did not reduce herbicide efficacy.
FIGURE 1: Predicted tomato dry weight production based on the per hectare rates (litres/hectare) of glyphosate and surfactant.
